Abstract Adsorption and catalytic activation of the molecular oxygen on the hexagonal boron nitride (h-BN) monolayer supported on Ni(111) and Cu(111) surfaces have been studied theoretically using density functional theory. It is demonstrated that an inert h-BN monolayer can be functionalized and become catalytically active on the transition metal support as a result of mixing of the metal d and h-BN p bands.
Introduction
The reactions of selective oxidation are among the most important processes in many chemical and industrial applications. Often such reactions involve several stages with the use of chlorine or organic peroxides resulting in a production of toxic by-products and waste [1] . Therefore, many efforts are underway to develop efficient green alternatives to traditional, toxic chemical oxidants [2] . One of the promising approaches in this direction is nanocatalysis, which considers selective oxidation by the molecular oxygen on supported metal nanoparticles [3] . Using molecular oxygen as an oxidizing agent can make oxidation process an ideal and waste free reaction [1] . For example, it has been demonstrated that nanoparticles of gold have exceptional catalytic properties in oxidation reactions, including the oxidation of carbon monoxide at mild temperatures, alcohol oxidation, the direct synthesis of hydrogen peroxide and alkene epoxidation [4] [5] [6] [7] [8] [9] [10] . These unique properties of gold emerge when the size of catalytic particles decreases down to 1-5 nm; while larger sized particles and the bulk form of gold are catalytically inactive [4] [5] [6] 8] . Thus, an inert gold becomes catalytically active at nanoscale.
There are two possible routes for catalytic oxidation on the surface of metal nanoparticles. The first route consists in a preliminary dissociation of the adsorbed molecular O 2 followed by consequential oxidation of a reactant molecule by atomic oxygen. The second route is a direct oxidation reaction between an activated O 2 and a reactant molecule [11, 12] . The process of direct oxidation by the activated molecular oxygen seems to be preferable, because it is difficult to control the reactivity of the dissociated oxygen species on metal nanoparticles [1] .
Although catalysis by gold nanoparticles is a very promising approach, gold and other transition metals (Pt, Pd, Ru, etc.) widely used in nanocatalysis are expensive for industrial applications. Therefore development of effective and environment friendly catalysts based on the non-precious abundant elements is emerging task.
In this work we present theoretical investigation on very unusual catalytic properties of the material that traditionally was believed to be inert. We demonstrate that chemically inert hexagonal boron nitride (h-BN) monolayer can be functionalized and become catalytically active for oxygen activation.
Until recently, the hexagonal BN has never been considered as a possible catalyst, due to its wide band gap of 5-6 eV and high thermal and chemical stability [13] . However, electronic properties of the low-dimensional h-BN systems differ considerably from those known for the h-BN bulk. The band gap in a h-BN monolayer can be considerably reduced by vacancy and impurity defects due to appearance of the defect states in the forbidden zone of h-BN [14] [15] [16] [17] . The point defects can also induce the spin polarization and spontaneous magnetization of the h-BN lattice [15, 16] . Such modifications of the h-BN electronic structure can result in the promotion of interaction between molecules or clusters with the defected h-BN surface.
Recently, we have demonstrated that small gold particles can be trapped effectively by N or B vacancy or impurity point defects in h-BN. Strong adsorption on the surface defects is accompanied by the charge transfer to/ from the adsorbate which can affect the catalytic activity of gold [18] . It has been shown that interaction of Au with the h-BN surface can affect considerably the pathways and barriers of CO oxidation reaction by molecular oxygen [19] . Moreover, adsorption, activation and dissociation of O 2 on h-BN supported gold atoms and dimers can be affected even by the interaction with the defect-free inert h-BN support via the electron pushing mechanism [16] [17] [18] . Although the defect-free h-BN surface does not act as a good electron donor for the supported O 2 -Au, it promotes an electron transfer from the Au to O 2 , pushing electrons from the gold to the adsorbed oxygen. This effect occurs due to the mixing of the 5d orbitals of the supported gold with the N-p z orbitals [16] [17] [18] . It has been shown, that O 2 chemisorbs on the nitrogen impurity, N B , boron impurity, B N , nitrogen vacancy, V N , and boron vacancy, V B , point defects with the binding energy of 0.24, 1.62, 3.10, and 1.96 eV, respectively [13] is accompanied by the charge transfer from the defected surface to the oxygen. Such mechanism of the chargetransfer-mediated activation of O 2 has been intensively studied for O 2 adsorbed on metal clusters; see, e.g., [11, 18, [21] [22] [23] [24] [25] [26] [27] and references therein. As it was discussed in [13] the h-BN monolayer with B N , V N , and VB defects can not be a good catalyst due to the strong bonding of O 2 to the surface. However, N-doped h-BN monolayer demonstrates catalytic activity for the oxygen reduction reaction [13] .
Support effects can significantly modulate the band gap in two-dimensional (2D) nanostructures. Much attention has been paid to h-BN monolayer adsorbed on transition metal surfaces because of possible applications in nanoelectronics and chemistry, see, e.g., [28] [29] [30] and references therein. Results of experimental and theoretical studies on the electronic properties of h-BN monolayer adsorbed on transition metal surfaces are still very controversial. In earlier experiments by angle resolved ultraviolet photoelectron spectroscopy and angle resolved secondary-electron spectroscopy, it was found that h-BN monolayer is weakly bound to the metal surfaces and remains insulator [31] . However, in later experiments performed by the same group using the high resolution electron loss spectroscopy some mixing of the p h-BN and d metal bands has been reported [32] . It is of particular interest to compare electronic properties of h-BN supported on Ni(111) and Cu(111) surfaces [33] . Both Ni and Cu metals have the similar lattice structure, besides the s-p electronic structure of Ni(111) and Cu(111) is similar. However, the 3d electron states of two metals are quite different: 3d states of Ni are partly occupied and located at the Fermi level, while the 3d states of Cu are fully occupied and mostly fall below the Fermi level. Moreover, the spatial localization of the 3d states in Ni and Cu is different. In the case of Cu 3d states shrink towards the core, while in Ni they are more extended. Therefore, comparison of the electronic structure of h-BN on the Ni(111) and Cu(111) supports gives us information about 3d states effect without considerable changing the structural parameters and the electronic states other than 3d [33] . In has been shown experimentally, that the near-edge X-ray adsorption fine structure, photoemission and Auger spectroscopy demonstrate strong orbital hybridization between Ni 3d and h-BN p states, which indicates strong interaction between h-BN and Ni(111) substrate [33] [34] [35] . However, in the case of Cu(111) surface only weak chemisorption of h-BN has been observed [33] . The analysis of the electronic structure of the bulk h-BN and the h-BN/Ni(111) and h-BN/Cu(111) interfaces demonstrates that the gap between bonding and antibonding states of h-BN monolayer on Ni(111) surface becomes filled mostly by the N-p z and B-p z states due to a strong interaction with the metal d-band [36, 37] , while on the Cu(111) surface the gap states in the supported h-BN Top Catal (2014) 57:1032-1041 1033 manifest themselves much more weakly [33] . Theoretical calculations show that the electronic and magnetic properties of a h-BN monolayer supported on 3d, 4d and 5d transition metal surfaces can be modified as a result of mixing of the d z 2 metal orbitals with N-p z and B-p z orbitals of the h-BN monolayer [28, [37] [38] [39] [40] [41] [42] .
It is known that adsorption and activation of O 2 on the catalytic surface can be strongly affected by the density of electronic states (DOS) near the Fermi level of the catalyst. Therefore, the metal substrate can influence on the molecular adsorption and chemical reactions on the supported h-BN surface due to the mixing between metal d and h-BN p bands. Such an effect can open a new way to tune adsorption characteristics of O 2 and reactant molecules on h-BN by the selection of metal substrate.
In the present work we present results of a theoretical investigation of the binding preference and catalytic activation of O 2 adsorbed on the h-BN monolayer supported on the Ni(111) and Cu(111) surfaces. We show that h-BN/ metal systems can possess very interesting catalytic activity for oxygen activation as a result of mixing of the metal d and h-BN p bands.
Methods
The calculations are carried out using density-functional theory (DFT) with the gradient-corrected exchange-correlation functional of Wu and Cohen (WC) [43] . The choice of DFT method is stipulated by the fact that the WC functional provides a good description of the lattice constants, crystal structures and surface energies of solids with layered structures like graphite or h-BN, whose distances between the layers are determined by rather weak interactions [44] . Moreover, the WC functional gives a realistic description of the binding energies and geometries of h-BN layer on top of 3d, 4d and 5d transition metal surfaces, correctly describing the interaction of transition metals with h-BN [37, 44, 45] . The WC functional was successfully used in our previous works to describe ORR on N-doped h-BN monolayer [13] , and catalytic activity of small gold particles on the pristine and defected h-BN surfaces [16, 17, 19] . [46, 47] . The core electrons are represented by the Troullier-Martins norm-conserving pseudopotentials [48] in the Kleinman-Bylander factorized form [49] . All calculations have been carried out with the use of the SIESTA package [50] [51] [52] . Periodic boundary conditions are used for all systems, including free molecules. In the latter case the size of a supercell was chosen to be large enough to make intermolecular interactions negligible. The h-BN and metal (Ni, Cu) lattices have been optimized using the Monkhorst-Pack [53] 10 9 10 9 4 and 10 9 10 9 10 k-point mesh for Brillouin zone sampling, respectively. The calculated h-BN lattice parameters a = b = 2.504 Å and c = 6.656 Å are in a good agreement with the experimental values of a = b = 2.524 ± 0.020 Å and c = 6.684 ± 0.020 Å , reported in [54] . (111) and Cu(111) lattices. The periodically replicated slabs are separated by the vacuum region of 20 Å . In calculations the bottom three layers in the slabs are fixed, and all other atoms are fully relaxed. Only the C-point is used for the Brillouin zone sampling due to the large size of the supercell. The energy cutoff of 200 Ry is chosen to guarantee convergence of the total energies and forces. A common energy shift of 10 meV is applied. The self-consistency of the density matrix is achieved with a tolerance of 10 -4 . For geometry optimization the conjugate-gradient approach was used with a threshold of 0.02 eV Å -1 . The atoms in molecules method of Bader (AIM) has been used for charge analysis [57, 58] . In order to obtain the most stable configuration of the adsorbed O 2 we have generated a large number of starting geometries. The starting structures have been optimized without any geometry constraints. The similar approach has been successfully used in our previous works for oxygen reduction reaction on the N-doped h-BN monolayer [13] , on adsorption of O 2 , H 2 , and C 2 H 4 molecules on the free and supported gold clusters [11, 12, 16, 17, 19, 59, 60] as well as on molecular and cluster structure optimization [61] [62] [63] [64] [65] . Structure and stability of h-BN on transition metal surfaces have been a subject of many theoretical [28, [37] [38] [39] 66] and experimental [31, 33-35, 41, 67, 68] studies. Three high-symmetry adsorption sites above the hexagonal (111) metal surface are possible for B and N atoms: (i) on top of metal atoms of the first layer (top sites); (ii) on top of metal atoms of the second layer (hcp sites); and (iii) on top of metal atoms of the third layer (fcc sites). In a close-packed system the hcp site is occupied in every second layer (ABAB…), while the fcc site is occupied in every third layer (ABCABC…). For more details see [38] and references therein. Our calculations demonstrate that the most stable configuration of h-BN on Ni(111) is that with N atoms on top of the Ni atoms in the first metal layer with the N-Ni distance of 2.11 Å , while B atoms are located on top of the fcc hollow sites on the surface in accord with the previous theoretical studies [37, 38] . The calculated binding energy of h-BN monolayer to Ni(111) surface is 0.36 eV per BN pair, which is in a reasonable agreement with the theoretical data of 0.19 eV [37] and 0.39 eV [28] obtained with the use of WC [43] and revPBE?D3 [69, 70] DFT functionals, respectively. Another possible configuration, where N atoms are located on top of Ni atoms and B atoms occupy the hcp hollow sites instead of fcc sites is less favorable energetically by 13 meV per BN pair. The (111) and Cu(111) surfaces there is no large geometric corrugation of the h-BN monolayer upon its adsorption on Ni(111) and Cu(111). However, h-BN monolayer on Ni(111) is buckled by 0.12 Å , with B atoms closer to the metal surface than N atoms. In the case of Cu(111) support the buckling of the adsorbed h-BN monolayer is only 0.03 Å . One should note that although h-BN monolayer on the Cu(111) surface is not corrugated geometrically, the corrugation of the h-BN electronic structure and formation of the electronic Moirelike superstructure in h-BN/Cu(111) system has been reported in [71] . Overall, the optimized structures of h-BN/ Ni(111) and h-BN/Cu(111) are in a good agreement with the available experimental data [72, 73] and results of previous theoretical calculations [37, 38] .
To gain more insight into the electronic structure of the considered h-BN based systems we have calculated the spin polarized DOS which are presented in Fig. 2 . Our calculations demonstrate that the defect-free h-BN monolayer has a wide band gap of 4.6 eV. Experimental values of the band gap energy for solid h-BN are widely dispersed in the range between 3.6 and 7.1 eV depending on the experimental method [74] . Recent results obtained from the analysis of laser-induced high-resolution fluorescence excitation spectrum of h-BN powder have determined the band gap energy of the solid h-BN: E g = 4.02 ± 0.01 eV [74] . Figure 2 shows that the PDOS of h-BN monolayer adsorbed on Ni(111) is strongly modified due to interaction with the metal, demonstrating the appearance of the significant density of both occupied and unoccupied gap states with the N-p z and B-p z characters. Such an effect occurs due to mixing of the Ni-d z 2 orbitals with N-p z and B-p z orbitals of the h-BN monolayer in a full agreement with the results of previous theoretical calculations [36, 37] . One can also notice a spin polarization effect, which shifts the down-spin PDOS to the slightly higher energies and resulting in some differences in the up-spin and down-spin gap states. Similar effect has been discussed in [28] and references therein. The existence of the gap states of h-BN adsorbed on Ni(111), Rh(111) and Pt(111) surfaces has been recently proved experimentally and explained by the orbital mixing and electron sharing at the interface [35] . In the case of Cu(111) surface the PDOS of the supported h-BN monolayer is also modified, however not so strong as for the Ni(111) surface. One can note appearance of the gap states at the top of the valence band of h-BN supported on Cu(111), as it is seen in Fig. 2 . We have also found a slight protrusion of the unoccupied BN states towards the Fermi level, clearly seen in the case of Cu(111) support. Therefore one can conclude that the changes in PDOS of h-BN deposited on transition metal surfaces correlate with the strength of the h-BN-metal bonding, as it was already mentioned in [37] .
The features of the electronic structure of h-BN monolayer supported on transition metal surfaces can affect the process of O 2 adsorption and activation. Indeed, the catalytic activation of the adsorbed O 2 is related to an electron transfer from the support to the anti-bonding 2p* orbital of oxygen. Presence of defect levels or the gap states nearby the Fermi level can promote the electron transfer from the support to the adsorbed O 2 and hence result in its catalytic activation.
Adsorption of O 2 on a Free and Metal Supported h-BN Monolayer
In order to understand how the metal support can affect the chemical properties of the h-BN monolayer we consider adsorption of the molecular oxygen on the stand-alone pristine h-BN monolayer, h-BN/Ni(111) and h-BN/ Cu(111) systems. Our calculations demonstrate that molecular oxygen physisorbs on the defect-free h-BN monolayer in a configuration where the O-O bond is oriented parallel to the surface plane at the distance of 3 Å above the surface, as it is shown in Fig. 3 . The physisorbed oxygen remains catalytically non-activated in its triplet state with the binding energy of 0.06 eV to the h-BN monolayer. Here, the binding energy of O 2 to h-BN is defined as 
where E tot (O 2 /h-BN) denotes the total energy of the O 2 /h-BN system, while E tot (O 2 ) and E tot (h-BN) are the energies of the non-interacting fully optimized O 2 and h-BN subsystems, respectively. The weak interaction of O 2 with the pristine h-BN monolayer is expected, as the defect-free h-BN is chemically inert material. However, Ni(111) support strongly affects the chemical properties of h-BN monolayer and its ability to adsorb simple molecules. The results of our calculations show that molecular O 2 readily adsorbs on h-BN/Ni(111) in a top configuration (in a doublet spin state) with E b = 0.64 eV and in a bridge configuration (in a singlet spin state) with E b = 1.51 eV, as shown in Fig. 4a, b , respectively. We also found the dissociative state of oxygen on the h-BN/Ni(111) surface with the binding energy of E b = 0.60 eV, which is smaller than E b calculated for the molecular adsorption of O 2 . Therefore, one can suggest that O 2 dissociation is not favorable energetically on h-BN/Ni(111) surface. Similar conclusion has been made for the N-doped h-BN system [13] .
In the top-configuration (Fig. 4a) , O 2 adsorbs on top of the B atom on the h-BN/Ni(111) surface and inclined from the surface normal, while in the bridge-configuration (Fig. 4b) In order to clarify mechanism of O 2 activation on the metal supported h-BN monolayer we present analysis of the partial density of electronic states of the adsorbed [11, 16, 17, 19, [21] [22] [23] [24] [25] [26] [27] and references therein. Adsorption of O 2 on h-BN/Ni(111) in a bridge configuration results in a further population of the down-spin 2p* orbital which becomes completely occupied and lies below the Fermi level. There is no considerable spin polarization of O 2 orbitals. The calculated Bader charge localized on O 2 adsorbed in the bridge configuration is -1.81e, which confirms that this configuration corresponds to the highly reactive peroxide state. The mechanism of O 2 activation on the h-BN/Cu(111) support is very similar to that described for h-BN/Ni(111): such activation occurs due to the mixing of the metal d and h-BN p bands.
It is interesting to compare adsorption of O 2 to h-BN/ Ni(111) and h-BN/Cu(111) supports with the case of the pure Ni(111) and Cu(111) surfaces. Earlier theoretical calculations have determined two molecular configurations of O 2 on Ni(111) surface when O 2 adsorbs at the bridgesite with two atoms oriented towards the neighboring substrate atoms (top-bridge-top configuration), and at the threefold hollows (fcc or hcp), when the molecule stretching from top to bridge (top-hollow-bridge configuration) [75] . The binding energies of O 2 to Ni(111) are 1.34-1.41 and 1.55-1.67 eV, calculated for the top-bridgetop and top-hollow-bridge configuration, respectively [75, 76] . In the case of Cu(111) surface O 2 binds to the surface in a paramagnetic superoxo-like state, O 2 -, adsorbed in a at top-bridge-top geometry with the binding energy of 0.45 eV, and in a nonmagnetic peroxo-like state, O 2 2-, adsorbed in a bridge-hollow-bridge configuration with the binding energy 0.56 eV [77] . The results of our calculations demonstrate that in the case of O 2 
